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Abstract. Effective potential of a scalar field induced by weak gravity is studied.
The set of operators relevant for leading effects and preserving the second order of field
equations is found. It is shown that only the mass term and a specific Brans-Dicke-
like interaction are relevant within such a setup. The explicit form of the potential
is found. The model has room for a natural inflationary scenario similar to the well-
known case of the Starobinsky inflation. Possible implications for the Standard Model
are highlighted.
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1. Introduction
Scalar-tensor models of gravity occupy a special place in the modified gravity landscape.
They extend the gravitational sector with an additional scalar degree of freedom
thereby providing, perhaps, the simplest alternative to general relativity. Horndeski
theories are found out to be the most general class of models admitting second order
field equations [1, 2]. Despite their apparent simplicity, scalar-tensor theories found
applications in many areas such as cosmology, inflation, black hole physics etc. [3, 4, 5, 6].
The structure of a scalar field potential is crucial for a theory, as it provides room
for some important physical phenomena. Its role is well-illustrated with the following
two examples. Firstly, within inflation theory the form of a potential defines whether
a model admits a slow-roll inflation [7, 8, 9]. Secondly, models which admit both a
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non-minimal coupling between the scalar field and matter and have a potential of a
certain form experience the so-called Chameleon screening [10, 11, 12, 13]. Due to
the non-minimal coupling, a scalar field potential receives an additional contribution
proportional to the local matter density, develops a large effective mass, and ceases to
propagate.
A scalar field potential is altered at the quantum level as the theory develops an
effective potential that can radically change its features [14, 15]. In the simplest case
an effective potential develops a new independent energy scale in the infrared sector
and breaks the conformal symmetry of the model [14]. Geometry of a curved spacetime
also affects the effective potential [15]. This makes it essential to study the influence of
quantum gravitational effects on a scalar field potential.
The effective field theory approach provides a framework capable to account for
quantum gravitational effects and to avoid issues related to the non-renormalizable
nature of quantum gravity [16, 17]. This approach was applied for gravity before and
was found to be fruitful [18, 19, 20, 21, 22].
In this paper we address the influence of quantum gravitational effects on a scalar
field potential. The paper is organized as follows. In Section 2 we highlight the leading
corrections relevant for an effective potential. We show that a massless scalar field
minimally coupled to gravity does not develop an effective potential. The simplest
non-minimal coupling affecting the effective potential belongs to Horndeski models and
resembles the coupling from the Brans-Dicke theory. In Section 3 we discuss possible
implementations of these results in detail. Namely, we point out that the effective
potential may become relevant for inflation theory, as it can fit the slow-roll conditions.
We also argue that the Chameleon screening can hardly be relevant within such a setup
as quantum effects can be safely neglected in a matter dense environment. Finally, we
point to some possible relations with a spontaneous conformal symmetry breaking and
the cosmological constant problem. We conclude in Section 4.
2. Scalar field effective potential
The most general class of scalar-tensor models admitting second-order field equations is
given by the Horndeski Lagrangians [1, 2]:
L2 = G2(φ,X),
L3 = G3(φ,X)φ,
L4 = G4(φ,X)R+G4,X
[
(φ)2 − (∇µνφ)2
]
,
L5 = G5(φ,X)Gµν∇µνφ− 1
6
G5,X
[
(φ)3 − 3(φ)(∇µνφ)2 + 2(∇µνφ)3
]
.
(1)
Here X = 1
2
(∂φ)2 is the standard kinetic term of a scalar field; Gi are arbitrary
smooth functions; Gi,X are the corresponding derivatives with respect to X ; R is the
scalar curvature, and Gµν is the Einstein tensor. Horndeski Lagrangians (1) define
the structure of a theory. Terms L4 and L5 constrain the spectrum of a suitable non-
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minimal interaction with gravity; while L2 and L3 specify the structure of a scalar field
self-interaction.
Since Horndeski models admit second-order field equations, they are free from
instabilities associated with the higher derivatives sector. Therefore they are highlighted
by the stability reasoning. It should be noted that there is a generalization of
Horndeski models known as beyond Horndeski which also admits second order field
equations. These models are obtained from Horndeski Lagrangians via disformal
transformations [23, 24, 25]. These transformations map beyond Horndeski models
with the minimal coupling to matter on Horndeski models with non-minimal couplings.
In other words, beyond Horndeski models extend the sector by describing interactions
with the regular matter. The main focus of this paper is on gravitational influence on
an effective potential, henceforward we will discuss only Horndeski models.
We pursuit the goal to study the most universal effects taking place due to quantum
gravitational contributions. The effective potential, alongside other quantum effects,
strongly depends on the structure of a given model. To account only for universal
effects, we focus on models without scalar field self-interactions and make only a brief
comment on their account. For the sake of simplicity, we also separately discuss the
cases with minimal and non-minimal couplings to gravity.
To find a one-loop effective potential we use the simplest method based on direct
perturbative calculations [14, 15]. Firstly, one recovers one-loop connected irreducible
n-point Green functions Gn. Secondly, an n-point vertex function Γn is obtained form
Gn via an amputation of external lines. In Γn all external momenta are set to zero to
account only for potential interactions. In such a setup, the effective potential is given
in terms of vertex functions Γn as follows:
Veff(φ) = i
∞∑
n=1
1
n
Γn φ
n. (2)
Let us address the simplest case of a scalar field without self-interactions coupled
to gravity in the minimal way:
A0 =
∫
d4x
√−g
[
− 2
κ2
R +
1
2
gµν ∂µφ ∂νφ− m
2
2
φ2
]
, (3)
with κ2 = 32πGN begin related to the Newton gravitational constant GN . We are
going to account only for the leading order interaction with gravity. The expansion
of action A0 in a series with respect to small metric perturbations hµν containing an
infinite number of terms. It is essential to study only the leading order effects, as they
themselves are suppressed by the Planck mass. Higher orders of perturbation theory
are suppressed even stronger by higher powers of the Planck mass and can be omitted
for the time being. It is worth noting that the same setup should be applied for strong
gravity phenomena, like black holes or the early Universe, with caution, as the effective
theory setup may lost its relevance.
In the massless case m = 0, all vertex functions Γn vanish. This is due to the fact
that the scalar field energy-momentum tensor is bilinear in derivatives. Because of this,
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if at least one external momentum in Γn vanishes, so does the vertex due to the structure
of the energy-momentum tensor. This leads to the first important result: a massless
scalar field itself does not generate an effective potential due to quantum gravitational
corrections at the one-loop level.
In the case of a non-vanishing mass m 6= 0, an effective potential is generated. The
leading order interaction generates only vertex functions with an even number of fields,
consequently, functions with an odd number of fields vanish. An arbitrary 2n-point
vertex function can be evaluated explicitly:
Γ2n = µ
4−d
∫
ddk
(2π)d
(κ
2
)2n (m2
k2
m2
k2 −m2
)n (
1− d
2
)n
dn. (4)
Dimensional regularization was used here to evaluate this expression with µ being a
normalization energy scale. The corresponding effective potential reads
(V0)eff = i µ
4−d
∫
ddk
(2π)d
[
−1
2
ln
(
1− κ
2
4
m2
k2
m2
k2 −m2 d
(
1− d
2
)
φ2
)]
=
m4κ2φ2
16π2
[
− 1
d− 4 −
γ
2
+
1
2
ln(8π)− ln m
µ
− ln(2)
4κ2φ2
+
(
1
8κ2φ2
(
1−
√
1− 4κ2φ2
)
− 1
4
)
ln
[
1−
√
1− 4κ2φ2
]
+
(
1
8κ2φ2
(
1 +
√
1− 4κ2φ2
)
− 1
4
)
ln
[
1 +
√
1− 4κ2φ2
] ]
+O(d− 4).
(5)
The expression is valid only for small values of φ for which 4κ2φ2 ≪ 1. The
effective potential should be renormalized on the observable mass mobs measured at
the normalization energy scale µ via the following counterterm:
δL = m
2
obs
2
φ2 − m
4κ2φ2
16π2
[
− 1
d− 4 −
γ
2
− 1
4
+
1
2
ln(4π)− ln m
µ
]
. (6)
It should be highlighted that terms containing ln-functions provide a finite local
contribution to the mass term, so their contribution is accounted in the counterterm.
The renormalized effective potential is given by the following expression:
(V0)eff,ren =−m4 ln(2)
64π2
+
m2obs
2
[
1 +
m2
m2obs
m2κ2
32π2
(1 + ln(4))
]
φ2
+
m4
128π2
[(
1−
√
1− 4κ2φ2 − 2κ2φ2
)
ln
[
1−
√
1− 4κ2φ2
]
+
(
1 +
√
1− 4κ2φ2 − 2κ2φ2
)
ln
[
1 +
√
1− 4κ2φ2
] ]
.
(7)
This renormalized effective potential (7) constitutes the second result of this paper. As it
is generated in the minimal model, it is to universally appear in any other theory which
contains a scalar of a non-vanishing mass.
Properties of this potential should be highlighted. Firstly, both (5) and (7) are
regular about φ ∼ 0 and vanish at φ = 0. This goes in line with the well-known
case [14], as the scalar field mass m serves as a natural regulator of the infrared sector.
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Secondly, before a normalization the potential (5) vanishes in the m → 0 limit in full
agreement with the first result found above. Finally, potential (7) is sensitive to the
hierarchy of mass scales. This can be clearly seen from the following expression given
in term of the bare mass m, the observed mass mobs, and the Planck mass mP:
(V0)eff,ren =
m2obs
2
φ2 + 8
m4
m4P
(
1− ln(4) + 2 ln
[
64π
φ2
m2P
])
φ4 +O(φ6). (8)
If the bare mass m is much smaller than the Planck mass mP, then O(φ4) terms are
strongly suppressed and do not influence the potential noticeably. However, if m ∼ mP,
then O(φ4) terms can no longer be neglected, and the effective potential can develop
new minima. However, this case hardly can be considered realistic, as the new minima
are situated in the Planck region which lies beyond the model’s applicability domain.
Therefore we only consider the case of the natural hierarchy m≪ mP.
Let us turn to a model with a non-minimal interaction between gravity and a scalar
field. In accord with the Horndeski Lagrangians (1), a model accounting for the simplest
leading order interactions reads
A1 =
∫
d4x
√−g
[
− 2
κ2
R +
1
2
(gµν + β Gµν) ∂µφ ∂νφ− 1
2
(
m2 + λR
)
φ2
]
. (9)
Terms Rφ2 andGµν ∂µφ ∂νφ describe new non-minimal three-particle interactions. Term
Gµν ∂µφ ∂νφ is known as the John interaction from the Fab Four class [26], while Rφ
2 is
typical for Brans-Dicke-like models with conformal symmetry [27, 28]. The mass term
also provides an additive contribution to the effective potential that was found above.
Because of this we will focus on the other contributions.
In full analogy to the minimal coupling case, the John interaction does not
contribute to the effective potential which makes the third important result of the paper.
As the John term is bilinear in derivatives, the corresponding interaction vertex vanishes
if at least one scalar field carries a zero momentum. This makes a complete analogy to
the minimal coupling case.
The Brans-Dicke-like interaction Rφ2, on the contrary, contributes to the effective
potential. The only part of the interaction relevant in the given setup reads∫
d4x
√−g
[
−λ
2
Rφ2
]
→
∫
d4x [−λ κ hµν φ(∂µ∂ν − ηµν)φ ] . (10)
As in the minimal coupling case, it is impossible to construct a vertex function with an
odd number of fields, so the corresponding contributions vanish. An arbitrary vertex
function with an even number of fields is given by
Γ2n =
(
1
2
λ2 κ2 (3− d)(d− 1)
)n
µ4−d
∫
ddk
(2π)d
. (11)
In contrast to the minimal coupling case, such vertex functions have a much simpler
momentum structure, so the corresponding integral can be evaluated explicitly and it
is equal to a regularized volume of the momentum space. Consequently, the effective
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potential reads
(V1)eff =
1
2
ln
[
1 +
(d− 1)(d− 3)
2
λ2 κ2φ2
] (
−i µ4−d
∫
ddk
(2π)d
)
=
1
2
ln
[
1 +
3
2
λ2 κ2 φ2
](∫
d4Ek
(2π)4
)
.
(12)
It should be noted that similar terms are usually omitted if evaluated in dimensional
regularization. However, we believe that they should not be disregarded that easily, as
they are relevant for the naturalness of a model [29, 30].
The presence of a non-vanishing mass term is crucial for the effective potential in
full analogy to the previous case. The complete effective potential generated by A1
consists of two parts:
Veff = (V0)eff + (V1)eff . (13)
In the massless case m = 0, the contribution (V0)eff vanishes. The potential (12), on the
contrary, develops a non-vanishing mass-like contribution that should be renormalized:
(V1)eff =
1
2
(
3
2
λ2 κ2
∫
d4Ek
(2π)4
)
φ2 − 9
16
κ4λ4φ4
∫
d4Ek
(2π)4
+O(φ6). (14)
There are two possible ways to perform the renormalization. The first one is to respect
the structure of the tree-level theory and to normalize (V1)eff on the vanishing mass. In
this case the whole potential vanishes in full analogy to the previous case. The second
option is to assume a spontaneous dynamical generation of a new energy scale which
produces the scalar field mass at the level of radiation corrections similarly to [14].
Therefore the mass term generated by (V1)eff should be normalized on a non-vanishing
value of the massmobs measured at some energy level µ. The corresponding counterterm
is
δL = m
2
obs
2
[
1− 3
2
κ2λ2
m2obs
∫
d4Ek
(2π)4
]
φ2. (15)
So, the renormalized potential reads
(V1)eff,ren =
1
2
ln
[
1 +
3
2
λ2 κ2φ2
] (
2m2obs
3κ2λ2
)
. (16)
We discuss in detail the role of these scenarios in the next Section. In the rest of this
Section we focus on the case of a non-vanishing mass. The complete effective potential
should be normalized in a cut-off regularization scheme since (V1)ren is ill-defined within
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dimensional regularization. The compete effective potential reads
Veff =
1
2
∫
d4Ek
(2π)4
ln
[
1 +
κ2φ2
k2
m2
(
k2
m2
+ 1
)
]
+
1
2
ln
[
1 +
3
2
λ2 κ2 φ2
] ∫
d4Ek
(2π)4
=
1
32π2

m4
Λ2/m2∫
0
dx x ln
[
1 +
κ2φ2
x(x+ 1)
]
+
1
2
ln
[
1 +
3
2
λ2 κ2 φ2
]
Λ4


=
m4
32π2
[
1
2
Λ4
m4
{
ln
[
1 +
m4κ2φ2
Λ2 (Λ2 +m2)
]
+ ln
[
1 +
3
2
λ2 κ2 φ2
]}
+
κ2φ2
2
ln
[
1 +
Λ2(Λ2 +m2)
m4κ2φ2
]
− κ
2φ2√
1− 4κ2φ2
ln
[
2Λ2/m2 + 1−
√
1− 4κ2φ2
2Λ2/m2 + 1 +
√
1− 4κ2φ2
1 +
√
1− 4κ2φ2
1−
√
1− 4κ2φ2
]
+
κ2φ2√
1− 4κ2φ2
1
1 +
√
1− 4κ2φ2 ln
[
m2
Λ2 +m2
(
1 +
2Λ2/m2
1−
√
1− 4κ2φ2
)]
+
κ2φ2√
1− 4κ2φ2
1
1−
√
1− 4κ2φ2 ln
[
m2
Λ2 +m2
(
1 +
2Λ2/m2
1 +
√
1− 4κ2φ2
)]]
,
(17)
with Λ being the cut-off scale.
This potential constitutes the fourth result of this paper. In full analogy to the
previous case, this potential is regular in φ ∼ 0 and it develops no new minima in the
relevant domain 4κ2φ2 ≪ 1. Its quadratic part should be normalized on the observed
mass mobs via the following condition:
3λ2 κ2 Λ4
128π2
+
κ2m4
32π2
1
1 + m
2
Λ2
+
κ2m4
32π2
ln
[
1 +
Λ2
m2
]
=
m2obs
2
, (18)
which is equivalent to an introduction of the counterterm
δL = m
2
obs
2
[
1− κ
2m2
32π2
(
3 λ2
4
Λ2
m2
Λ2
m2obs
+
m2
m2obs
1
1 + m
2
Λ2
+
m2
m2obs
ln
[
1 +
Λ2
m2
])]
φ2. (19)
This Section can be summarized as follows. Firstly, it was found that the scalar
field mass plays an important role in a generation of an effective potential. If a model
admits only a minimal coupling, then the effective potential can be generated only if
m 6= 0. If a model admits a non-minimal coupling, then there is an opportunity to
generate the scalar field mass dynamically. Still, a scalar field of a non-vanishing mass
generates effective potential (17). In the next Section we discuss various implications of
these results.
3. Implementations
The role of a scalar field mass found in the previous Section agrees with findings of [14].
Firstly, the mass provides a natural scale for regularization of the infrared sector of
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a theory. Secondly in the considered models, mass is the only dimensional parameter
relevant for the problem.
The role of the Brans-Dicke-like interaction Rφ2 can be understood in a similar
way. This interaction is quadratic in derivatives which should be attributed to the
gravitational sector rather than to the scalar one. In other words, the interaction
describes a momentum-independent coupling of a scalar field to a metric gradient.
This makes it conceivable to explain how this interaction can generate a non-vanishing
effective potential in the massless case. The complete energy-momentum tensor of
a scalar field, which admits a momentum-dependent part, generates a non-vanishing
curvature of the spacetime. The corresponding metric gradient couples to the
momentum-independent part of the scalar field energy-momentum tensor and generates
an interaction that does not depend on the scalar field momentum explicitly. This
reasoning gives grounds to believe that the effective potential (12) can be indeed
generated in a massless case.
It may appear that a new energy scale associated with the scalar field mass will be
generated, but we would argue that this is not so. It is well-known that the following
action similar to A1 admits the conformal symmetry [27, 28]:
Aconformal =
∫
d4x
√−g
[
1
6
Rφ2 +
1
2
gµν ∂µφ ∂νφ
]
. (20)
The non-minimal interaction present in (9) is similar to the interaction in the conformal-
invariant model. In contrast to the conformal model, the symmetry in A1 is explicitly
violated by a dimensional parameter κ related to the Planck mass. Therefore, A1 admits
at leas one dimensional parameter which, in term, defines the divergent mass term.
Based on this reasoning we argue the following. Firstly, in the case of a non-
vanishing scalar field its mass plays the role of an energy scale regularizing the infrared
sector. Secondly, in the massless case a scalar field with a specific non-minimal coupling
to gravity can develop a non-vanishing effective potential. The non-minimal coupling
resembles a model with conformal symmetry, so the corresponding effective potential
resembles a potential that may dynamically break the symmetry. However the conformal
symmetry of the considered model is explicitly broken at the tree-level, so the similarity
can hardly point to a deeper relation to the symmetry breaking. Finally, in both of
these cases the effective potentials remain regular in the infrared sector. They do not
develop new minima within the effective theory applicability domain and do not alter
the vacuum energy content of the model. These facts show that at the one-loop level
the fundamental physical properties of the model is hardly altered.
It is important to point to possible implications of these effects in the context
of inflation and of the Chameleon screening mentioned in the Introduction. Firstly,
we would like to comment upon the Chameleon screening. It requires a certain form
of a scalar field potential and a non-minimal coupling to matter of the following
form [10, 11, 12, 13]:
Lint ∼ gµν Tµν exp [β κφ ] . (21)
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For the models addressed in this paper no such couplings were introduces, therefore
there is no room for the screening.
The interaction required for the screening is typically found in f(R)-gravity models
given in the Einstein frame [31, 32]. It can be argued that there is room for the
Chameleon screening dynamically generated at the level of radiation corrections, but this
problem lies far beyond the scope of this paper and should be discussed elsewhere. We
would only like to note that such a scenario looks unrealistic. Firstly, potentials (7)
and (16) do not admit a form suitable for the screening. Secondly, dimensional
considerations disfavors such an opportunity. A characteristic energy scale generated
by the Earth mean density ρ⊕ ≃ 5 × 103 kg/m3 is ε ≃ 3MeV. Effects associated with
quantum gravity, including the considered effective potential, can hardly be considered
relevant at such a low energy scale. Thus the influence of discussed effective potentials
can safely be considered negligible in a terrestrial environment.
Secondly, possible implications for inflation should be noted. It is natural to expect
an inflationary expansion to occur in the strong field regime κφ ∼ 1 which puts it
on the edge of an effective theory applicability. Nonetheless, formal expressions for the
potentials are well-defined up to κφ ≃ 1/2, so the corresponding effects may be correctly
estimated by the effective theory.
For a certain range of parameters both (7) and (16) admit small slow-roll parameters
η and ǫ [7, 8, 9]. As we mentioned before, the first effective potential (5) is sensitive to
the mass-scale hierarchy and the effective model is applicable if and only if mobs ∼ m
and m ≪ mP. In that case ǫ and η are small in a proximity of κφ ∼ 1. The second
effective potential (16) is free from a hierarchy dependence and it also admits ǫ, η ∼ 0
about the Planck scale.
We would like to highlight ones more that the discussed models admit small slow-
roll parameters at the edge of effective theory applicability domain. Nonetheless, we
suppose that inflation within this models should be studied, as they may describe a
natural appearance of an inflationary cosmology in the spirit of [33].
4. Discussion and Conclusions
The following results are found in this paper. The first result clarifies the structure of an
effective scalar field potential within the minimal model (3). In the massless case a scalar
field does not receive additional contributions to the effective potential at the one-loop
level due to the structure of the energy-momentum tensor. The second result specifies the
structure of the minimal-model effective potential with a scalar field of a non-vanishing
mass. In that case the effective potential is given by (5) and it can be renormalized
on the observed mass (7). The third result shows that the John interaction does not
contribute to the effective potential in a way similar to the mass term. The interaction
itself provides a minimal beyond general relativity three-particle interaction. However,
the interaction is bilinear in scalar field derivatives so it fails to generate a contribution
of the effective potential in full analogy with the massless case. The fourth result is the
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effective scalar field potential (17) obtained within a model admitting second-order field
equations which accounts for all possible three-particle interactions (9). This potential
accounts both for the scalar field mass term and for the non-minimal interaction.
The following features of these potentials are important in the context of realistic
models. Firstly, all potentials do not alter the vacuum energy content of a model.
They do not develop new minima within the applicability domain and also vanish in
the φ→ 0 limit. Therefore the ground state together with the vacuum energy remains
unchanged. Secondly, the Chameleon screening, mentioned in the Introduction, can
hardly be realized in such models. The effective potentials have a form which is not
suitable for the screening and the studied models lack a non-minimal interaction essential
for the screening. Inflationary scenarios, on the contrary, may be successfully realized.
Both parts of the effective potential generated by a mass term (5) and by the interaction
term (12) have areas with small slow-roll parameters. An opportunity to describe an
inflationary expansion within such a setup requires an additional investigation and will
be discussed elsewhere.
Finally, possible implications of these results for the Standard Models should be
highlighted. The Standard Model contains the Higgs field which should be affected by
gravitational corrections in a way similar to the case presented. The part of a scalar
field effective potential generated by a mass term (5) is sensitive to the hierarchy of
the Higgs and Planck scales. Consequently, the contribution can be omitted in models
with a realistic hierarchy MHiggs ≪MPl. The contribution (12) associated with the non-
minimal interaction Rφ2, on the contrary, may not be easily neglected. It is defined
by the value of the corresponding coupling λ (9). For large λ ∼ 1017 the characteristic
dimensionless parameter λ κφ ∼ 1 at φ ∼MHiggs and the corresponding influence cannot
be neglected. The value of λ, on the other hand, is not completely free, as it can be
constrained by the empirical Solar system data on PPN parameters. A more detailed
discussion of such a combined constraint on the model lies beyond the scope of this paper
and will be discussed elsewhere alongside other formal developments of the model.
This discussion shows perspective directions for the further studies. Namely, an
application of the effective potential technique to the Higgs sector of the Standard
Model in the context of gravity should be analyzed. Results of this paper show a
qualitative behavior of simple scalar field, but they can hardly be considered sufficient
in the particular case of the Standard Model. To proceed with this goal it is required
to evaluate the gravitational contribution to the Higgs effective potential generated
by possible non-minimal interactions with gravity. It allows one to constrain the
corresponding corrections with the empirical particle physics data. The non-minimal
interaction with gravity, on the other hand, should be independently constrained by
the Solar system data. Therefore combined constraints on the model can be found
and a more comprehensive conclusion can be drawn about the role of non-minimal
gravitational interaction within Higgs physics.
Finally, the opportunity to describe the inflation a la [33] within such an approach
must also not be forgotten. As it was highlighted above, effective potentials admit areas
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with small slow-roll parameters, so possible inflationary scenarios should be studied.
Some formal developments also should be discussed. We used the direct perturbative
calculations to evaluate the effective potential which put some constraints on the studied
spectrum of models. More sophisticated techniques similar to those discussed in [15]
may provide a simple way to analyze models with more intricate structures.
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